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1. Introduction
1.1 Background
The evolution of cellular systems began in 1970s, starting with the ﬁrst
generation (1G) comprising of analog systems supporting basic voice trans-
mission [1]. The second generation (2G) of cellular systems, global system
for mobile communications (GSM) was developed in early 90’s. The 2G
systems provided digital encryption of the signal and improved the trans-
mission quality and coverage. As the need for packet data arose, general
packet radio service (GPRS) and enhanced data rates for GSM evolution
(EDGE) technologies were introduced as an extension to the 2G systems.
The advent of the 20th century brought the third generation (3G) systems,
which improved the data rates from several hundreds of kilobits per sec-
ond (EDGE) to several megabits per second. This increased the inter-
net usage from mobile devices, thereby fuelling the growth of the mobile
broadband industry.
Recently introduced fourth generation (4G) systems provide even higher
data rates enabling a wide range of telecommunication services, including
mobile broadband internet access, internet protocol (IP) telephony, high-
deﬁnition mobile TV, etc. The 4G system is aimed at providing peak data
rates of up to 1 gigabit per second [2]. Two candidates of the 4G sys-
tems are commercially deployed around the world, namely long-term evo-
lution (LTE) systems and worldwide interoperability for microwave access
(WiMAX) technology [1, 3]. Both systems are based on packet-oriented
communication. Meanwhile, new radio spectrum to accommodate new
wireless systems is scarce and expensive. Therefore, available radio spec-
trum must be used efﬁciently without any increase on bandwidth or trans-
mit power.
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In a conventional communication link between the base station and a
mobile terminal, a single antenna is used at both ends and thus is re-
ferred to as a single-input single-output (SISO) system. Capacity of a
SISO system depends on the bandwidth, transmit power, and signal to
noise ratio. The bandwidth and transmit power are limited by frequency
regulations. In addition to noise, impairment due to the unavoidable phe-
nomenon such as fading and shadowing exists in wireless communication
systems. This limits the channel capacity of a SISO system.
In the late 1990s, multiple-input multiple-output (MIMO) systems that
utilize multiple antennas at both ends of the link were introduced. This
enables the use of multiple spatial channels at the same frequency. Hence,
channel capacity of a MIMO system increases with the number of chan-
nels as compared to a SISO link. The number of spatial channels is lim-
ited to the number of antenna elements at an end of the link [4–7].
Implementation of MIMO in mobile communication system necessitates
at least two antennas in one terminal. MIMO speciﬁc antenna design
challenges are related to mutual coupling among antenna elements and
degradation of antenna performance due to a user holding the mobile
terminal [8–17]. The number of antennas to be incorporated in today’s
mobile terminal is restricted by the size of the terminal [18, 19]. This
is contrary to a less severe space limitation at the base station. More-
over, the performance of a MIMO system depends not only on the an-
tenna performance, but also on the propagation environment. The design
of MIMO antennas for mobile terminals should also incorporate selection
of optimal placement locations, topology, type and number of antenna el-
ements. Therefore, a deﬁnitive and general conclusion on this subject has
became major interest in antenna design community over the past few
years [11,12,20–22].
1.2 Objective of the thesis
The main objective of this thesis is to provide novel and valuable insights
for the design of multi-element antennas for mobile terminals. Particu-
larly, the performance of the mobile terminal antennas in multipath en-
vironment is investigated in the presence of user’s hand. The developed
knowledge can be used to reduce mutual coupling between antenna ele-
ments and design robust antennas considering the effect of user’s hand.
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1.3 Contents and organization of the thesis
The main scientiﬁc results of this thesis are presented in articles [I] - [IX].
The thesis is divided into two parts. In the ﬁrst part of the thesis, charac-
terization methods of multi-element antennas in multipath propagation
environment are studied in [I], [II], [III]. The performance of the multi-
element antennas with different user’s hand grips are analyzed exten-
sively in [I], [II], [III], [IV], [VI]. The investigations are focused on under-
standing the effect of user’s hand on multi-antenna performance metrics.
The second part of the thesis is dedicated to the design of novel multi-
antenna structures operating at the 900 MHz ultra high frequency (UHF)
[VII] and 3500 MHz LTE and WiMAX technology bands [II], [VIII]. The
design and performance investigation is extended to radio direction ﬁnd-
ing (RDF), which is a potential application of multi-element antennas
[VIII], [IX]. In addition, measurement techniques to evaluate multi-
antenna performance in multipath environment is investigated and com-
pared in [V].
In this thesis, the main results are summarized into a larger scientiﬁc
context. The summary is organized as follows. Chapter 2 summarizes
the background and characterization methods of multi-element antennas.
The effect of presence of user’s hand on antenna characteristics, diversity
and MIMO performances are studied in Chapter 3. Chapter 4 presents
novel multi-antenna structures designed for diversity, MIMO and RDF in
mobile terminals. This is followed by measurement techniques for multi-
antenna structure in multipath environment. A summary of the publica-
tions describing the contributions of this thesis is presented in Chapter
5. Finally, Chapter 6 presents conclusions and possible ideas for future
research.
1.4 Scientiﬁc contributions
The scientiﬁc merit of the thesis is in the design, analysis, performance
evaluation and design rules for efﬁcient multi-element antennas in a com-
pact mobile terminal. The highlights are:
1. Systematic analysis and evaluation on the performance of multi-antenna
conﬁgurations with different user’s hand grips for diversity and MIMO
applications [I], [II], [III], [IV], [VI].
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2. An empirical investigation on the impact of integrating antenna ele-
ments from two to eight on MIMO terminal performances in the pres-
ence and absence of user’s hand. The evaluation is performed using
measurement -based propagation data [II].
3. Novel multi-antenna structure designs in compact bar- and clamshell-
type mobile terminals are proposed. The realized structures are opera-
tional at the 900 MHz, 2000 MHz and 3500 MHz bands [II], [III], [V],
[VII], [VIII].
4. Ambiguity characterization and analysis of multi-element antenna topol-
ogy for RDF application in mobile terminals are performed [VIII], [IX].
5. Improving general understanding for designing multi-antenna struc-
tures in the presence and absence of user’s hand [II], [III], [IV].
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2. Multi-antenna characterization
methods
Based on the antenna impedance matching, antennas can be divided into
self-resonant and non-resonant structures. The antenna element of the
mobile terminal is usually self-resonant, that is, the antenna is matched
directly to the feed without additional matching circuitry [23, 24]. Non-
resonant antennas have become more common over the past few years,
as alternative solution in mobile terminal antennas [19, 25]. In these
type of antennas, a reactive coupling element is made resonant with ad-
ditional matching circuitry [26]. From the designer’s point of view, non-
resonant antennas are more ﬂexible, because an electromagnetic problem
is reduced into circuit analysis problem [27].
In general, the dimensions of mobile terminal antennas are electrically
small, particularly in the lower UHF-band (below 1000 MHz). Typically,
a signiﬁcant portion of the power is radiated by the terminal chassis
(ground plane of the printed circuit board) [28]. Hence, the terminal chas-
sis dimensions at lower frequencies has an impact on the operation of the
antenna [28–31].
Traditionally, the antenna in the mobile terminal is characterized by
their size, impedance, bandwidth, efﬁciency and radiation pattern. Typi-
cally, the total efﬁciency is above 50%, reﬂection coefﬁcient is smaller than
-6 dB in the intended frequency band, and radiation is isotropic [23, 32].
These characteristics are partly useful when the performance of multi-
element antennas are evaluated, since performance metrics that take the
propagation environment into account is very important [5,7,33].
Diversity is used to mitigate multipath fading [4]. Particularly, multiple
copies of the radio signal from different directions is used to enhance the
link transmission reliability [7]. In contrast to this, spatial multiplexing
uses distinct information streams over the propagation path to increase
spectral efﬁciency [7, 34]. It is evident that the propagation environment
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partly affects the ability and potential of a MIMO system [33,35]. There-
fore, antenna and propagation environment must be jointly considered
when characterizing the performance of multi-element antennas in mo-
bile terminals.
This chapter provides a basic overview of multi-antenna characteris-
tics and performance of the antennas in multipath environment. Sec-
tion 2.1 describes the characteristics of the multi-element antennas [I],
[II], [III]. The performance metrics including the effect of the propagation
environment are described in Section 2.2. Section 2.3 presents evaluation
methodologies of the multi-element antennas in the propagation environ-
ment, either statistically [III], [IV] or based on measured propagation
data [II], [VI].
2.1 Multi-element antenna characteristics
This section reviews multi-element antenna performance metrics that are
extended from the traditional single-element antenna metrics. These pa-
rameters are useful in antenna design.
2.1.1 Mutual coupling
Since antenna elements are closely spaced in a compact mobile terminal,
the resulting mutual coupling would not only cause unwanted interfer-
ences in multi-antenna systems, but also decrease their efﬁciency [36,37].
In practice, the mutual coupling between antenna elements is expressed
by scattering parameters, Sjk that denote voltage transfer from the k-th to
j-th antenna ports. In [I], the concept of electromagnetic mutual coupling,
EMcoup is used to generalize the maximum transducer gain of arbitrary
two-port network for two-port antenna structure, when both elements are
conjugate matched [38]. This can be used as a tool to evaluate the mu-
tual coupling excluding the effect of impedance matching. The EMcoup is
expressed by [I]:
EMcoup,jk [dB] = 10 · log10
( |Sjk|
|Skj |
(
A−
√
A2 − 1
))
, (2.1)
Δ = SjjSkk − SjkSkj , (2.2)
where,
A =
1− |Sjj |2 − |Skk|2 + |Δ|2
2 |SjkSkj | . (2.3)
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In (2.2) and (2.3), Δ and A are constants, and Sjj , Sjk, Skj and Skk are the
scattering parameters for the j-th and k-th antenna elements. The max-
imum two-port transducer gain is the maximum power coupled between
two ports of the network, which means in practice the worst-case free
space coupling between antennas in a two-element antenna structure [I].
2.1.2 Efﬁciency
Antenna efﬁciency describes how efﬁciently an antenna can transform a
guided wave into free-space radiation [39]. The efﬁciency is deﬁned as the
ratio between total radiated power Prad and the accepted power Pacc at the
terminal1. The total efﬁciency is deﬁned as the ratio between the radiated
power and the available power Pavail. This deﬁnition includes the losses
due to impedance mismatch.
In a multiple antenna system with N antennas, when the k-th port is
excited, part of the excitation signal is dissipated in the generators con-
nected to the other ports provided that the antennas are not perfectly
isolated. The total embedded element efﬁciency2 of the k-th port, ektot is
deﬁned as [36,41,42]:
ektot = e
k
mp . e
k
emb, (2.4)
where ekmp is the multiport matching efﬁciency3 and ekemb is the embedded
element efﬁciency4.
In general, the reduction of the antenna efﬁciency in multiple antenna
system is attributed by the conductive and dielectric losses in the an-
tenna, lossy objects in the vicinity of the antenna, and dissipation in the
terminations of other antenna ports due to mutual coupling and reﬂection
at its own excited port [36,41,43].
2.1.3 Polarization
In general, polarization of an antenna is given by the polarization pattern,
that is the angular ﬁeld distributions at θ- and φ- polarizations [23]. Cross
polarization discrimination, XPD is deﬁned as [18]:
XPD(θ, φ) =
Gθ(θ, φ)
Gφ(θ, φ)
, (2.5)
1refer to IEEE Standard Deﬁnitions of Terms for Antennas [40].
2extension to a multiport version from the classical total efﬁciency used for single-element antenna.
3multiport version of the classical matching efﬁciency.
4multiport version of the classical radiation efﬁciency.
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where Gθ(θ, φ) and Gφ(θ, φ) denote the gain patterns of the antenna ob-
tained at the θ- and φ- polarization components, respectively. In a multi-
ple antenna system with N antennas, the XPD is deﬁned for each element.
2.2 Multi-element antenna in multipath environment
Let us consider a multi-element antenna in a multipath environment. The
statistical power spectrum distributions of the incident ﬁeld are described
as:
Pθ (θ, φ) = Pθ (θ)Pθ (φ) , (2.6)
Pφ (θ, φ) = Pφ (θ)Pφ (φ) . (2.7)
Pθ (θ, φ) and Pφ (θ, φ) denote angular power spectrum (APS) of the incident
wave at θ- and φ- polarizations, respectively. The ratio between the powers
of two APSs deﬁnes the cross polarization ratio, XPR of the propagation
environment [44]:
XPR =
Pθ
Pφ
. (2.8)
There are a variety of APS distributions and XPR values for different
propagation scenarios [45]. The description of statistical distributions
used in this thesis is described later in Section 2.3.
2.2.1 Mean effective gain
In a multipath environment, the ability of an antenna to receive elec-
tromagnetic power is quantiﬁed by mean effective gain, MEG [44]. It is
deﬁned as the ratio of the mean received power of a single antenna at the
terminal to the mean received power of a single reference antenna. With
dual-polarized isotropic antenna as the reference, MEG is given by [9,44]:
MEG =
∮ ( XPR
1+XPRGv (θ, φ)Pθ (θ, φ) +
1
1+XPRGh (θ, φ)Pφ (θ, φ)
)
sin θdθdφ,
(2.9)
where Gv (θ, φ) and Gh (θ, φ) denote gain at vertical and horizontal polar-
izations at the terminal, respectively. In a multiple antenna system, each
antenna element can be characterized by theMEG. The differences among
the MEGs describe the power imbalance between antenna elements. For
a good diversity performance, the power imbalance Pimb should meet the
condition [4,46]:
Pimb =
|MEGj |
|MEGk| < 3 dB. (2.10)
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2.2.2 Envelope correlation
Envelope correlation coefﬁcient, ρe,jk between the j-th and k-th element
describes the correlation between the envelope of the signals at the two
antenna ports. The correlation is affected by both APS and XPR of the
propagation environment [4,47]. It is a single value metric indicating the
similarity in the voltages received by the two antennas, and is expressed
by [10,47,48]:
ρe,jk =
∣∣∣∮ (XPR · Eθj · E∗θk · Pθ + Eφj · E∗φk · Pφ) sin θdθdφ∣∣∣2∏
i=j,k
∮ (
XPR · Eθi · E∗θi · Pθ + Eφi · E∗φi · Pφ
)
sin θdθdφ
, (2.11)
where Eθ(θ, φ) and Eφ(θ, φ) denote the θ- and φ- components of the embed-
ded element pattern5 of an antenna element. The ρe ranges between 0 (no
correlation) and 1 (full correlation). The envelope correlation below 0.3 ...
0.5 is typically regarded sufﬁcient to facilitate uncorrelated signals [4,49].
2.2.3 Diversity performance metrics
Good diversity performance necessitates that the envelope correlation is
low and the received power is balanced equally between antenna ele-
ments [4, 18]. Diversity gain (DG) is deﬁned as the improvement in a
signal-to-noise ratio (SNR) achieved by combining the received signals of
at least two antenna elements, compared to the SNR achieved by a refer-
ence antenna in the same environment.
The choice of the reference antenna results in different DG [13,33]. Ap-
parent diversity gain, ADG is used when the comparison is made to the
best element of the diversity antenna, that is the antenna element with
the strongest average received signal in the same environment [13,36,50].
The result is expressed as the probability that the instantaneous resul-
tant SNR, γ is below a predeﬁned level x, P (γ ≤ x). An effective diversity
gain, EDG is a more realistic measure than the ADG, which is described
by [13,50]:
EDG = ADG . max
k
{etot,k} . (2.12)
Fig. 2.1 shows a cumulative distribution function (CDF) of the received
signals as a function of SNR. The deﬁnition of ADG and EDG is also
shown in Fig. 2.1. EDG represents the diversity gain relative to a single
lossless reference antenna. It takes into account reduction in embedded
5multiport version of the classical radiation pattern, when the foregoing port is excited [36].
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Figure 2.1. Deﬁnitions of ADG and EDG for an arbitrary two-element antenna in uni-
form environment. The two elements are uncorrelated, ρe,12 = 0.
element efﬁciency due to the mutual coupling between elements of the
diversity antenna [50].
The received signals at individual antenna element can be combined
in several ways resulting in different levels of complexity. Well-known
techniques are selection combining, switched combining, equal gain com-
bining and maximum ratio combining [18,51]. In this thesis, we consider
selection combining (SC) and maximum ratio combining (MRC). With re-
gard to their performance, SC is inferior to MRC, at the expense of an
increased system complexity. In this thesis, SNR is generalized to MEG
(2.9), by assuming that the noise level is the same across all antenna ele-
ments [33].
For a two-element antenna system, a CDF of the combined signal using
SC technique, PSC,2 is given by [52]:
PSC,2 (γ ≤ x) = 1− exp
(
− xMEG1
)
Q
(
a,
√
ρe,12 b
)− exp( xMEG2
)
Q
(√
ρe,12 a, b
)
,
(2.13)
where
a =
√
2x
MEG2 (1 + ρe,12)
, b =
√
2x
MEG1 (1− ρe,12) . (2.14)
ρe,12 is the envelope correlation (2.11) between the ﬁrst and the second
element. Q(·) refers to the Marcum Q-function. When using MRC, the
CDF of the combined signal, PMRC,2 is given by [52]:
PMRC,2 (γ ≤ x) = 1ξ1 − ξ2 ×
[
ξ1
{
1− exp
(
− x
ξ1
)}
− ξ2
{
1− exp
(
− x
ξ2
)}]
,
(2.15)
where ξ refers to the associated eigenvalue of signals covariance matrix
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R, which is formulated by:
R = MEG0
⎡
⎣ MEG1 (MEG1 MEG2 ρe,12)1/2
(MEG1 MEG2 ρe,12)1/2 MEG2
⎤
⎦ , (2.16)
where MEG0 refers to the MEG of a dual-polarized isotropic antenna with
unity radiation efﬁciency, which is used as a reference for calculating di-
versity gain.
The CDF of the MRC output for an arbitrary N-element antenna is cal-
culated by [52,53]:
PMRC,N (γ ≤ x) = 1−
N∑
j=1
λN−1k exp (−x/λj)∏N
k =j (λj − λk)
, (2.17)
where λj (j = 1, 2...N ) is the j-th eigenvalue of the N×N signals covariance
matrix Λ. The element of the matrix Λ is given as:
Λjk = MEG0 ρe,jk
√
MEGj MEGk. (2.18)
2.2.4 MIMO performance metrics
Shannon channel capacity equation can be used to obtain the ultimate
capacity of the MIMO link performance [54]. In this thesis, the MIMO
channel capacity on the conditions where the channel is unknown at the
base station, but known at the terminal is used. The instantaneous MIMO
channel capacity for the i-th terminal location, C(i) is deﬁned as [55–57]:
C(i) = log2
[
det
(
I+
ρ
nT
H
(i)
AUT(H
(i)
AUT)
H
Pnorm
)]
, (2.19)
where I is an identity matrix, ρ is the mean signal-to-noise ratio (SNR) at
the mobile terminal, nT is the number of transmitting antennas and (.)H
denotes the Hermitian transpose. MIMO channel matrix, HAUT, includes
the effect of embedded element patterns at both base and mobile stations.
The channel matrix H, whose size is nR × nT (nR is the number of receiv-
ing antennas), represent a scattering matrix between different transmit
and received antennas. A reference antenna gives the power for normal-
ization, Pnorm, which is calculated at each mobile terminal location and
expressed by [55]:
Pnorm =
1
nTnR
∥∥∥H(i)ref∥∥∥2F , (2.20)
where ‖.‖F is the Frobenius norm. Href is the channel matrix with refer-
ence antennas at the base station and mobile terminal, respectively. In
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[II] and [VI], an isotropic antenna is used to give the reference power for
normalization in the evaluation of MIMO channel capacity.
The MIMO channel capacity is also affected by the distribution of the
eigenvalues of H(i)AUT(H
(i)
AUT)
H [5]. Theoretically, an increase of relative
spread between the eigenvalues indicates an increase in spatial correla-
tion between antenna elements [58].
The ability to transfer signal power between the two ends of the link
depends on the losses in a propagation environment, antenna radiation
properties and orientation. The instantaneous transferred signal power,
TSP of the multi-antenna system is deﬁned as [56]:
TSP(i)AUT =
∥∥∥H(i)AUT∥∥∥2F∥∥∥H(i)ref∥∥∥2F
. (2.21)
2.3 Methods for performance evaluation in uniform and
non-uniform multipath environments
Isotropic uniform environment has been widely used as an extreme ref-
erence environment, where the performance considerably depends on the
total efﬁciencies of the studied multi-antenna structures [59]. In this en-
vironment, the incident power is equally split between the two orthog-
onal polarizations (balanced polarization) and the angular power distri-
bution is constant (Pθ(Ω) = Pφ(Ω) = 14π and XPR = 0 dB). Indoor en-
vironments with strong scattering can be approximated as the uniform
environment [4,18].
A real-life environment is in between an ideal free space, i.e., pure line-
of-sight (LOS), and the isotropic uniform environment in terms of amount
of scattering [59]. When the real-life propagation environment is mod-
elled, the incident signal is often taken from a well-known distribution,
such as Gaussian, Laplacian, general Double-Exponential and Rectangu-
lar distributions [9, 10, 18, 45, 57, 60, 61]. Performing series of propaga-
tion measurements for characterization and evaluation of different multi-
antenna designs is very expensive, and laborious [15,17,62,63].
The measurement-based evaluation reviewed in this thesis is based on
the principle of combining simulated embedded patterns with multiple
plane waves representing measured propagation environment. A tool
called measurement-based antenna test bed (MEBAT) for this purpose
was developed and discussed in detailed in [55, 64], and was used exten-
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Figure 2.2. Block diagram of MEBAT consisting of embedded patterns of studied multi-
antenna structures at (a) base station, and (b) mobile station. X denotes
multiplication.
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Figure 2.3. (a) Indoor propagation routes include obstructed LOS (Route A) and non LOS
(Route B) scenarios, and (b) outdoor microcellular route in Helsinki city cen-
tre. The circle represents base station location while the arrows are mobile
routes [II, VI].
sively for the performance prediction in [57].
Basic working principle of the MEBAT is illustrated in Fig. 2.2. The
angular power spectrum (APS) of an environment under interest is mea-
sured with a channel sounder [45, 65]. The measured propagation en-
vironment is composed of a set of discrete plane waves, that are inde-
pendent of antenna arrays used in the measurements. A MIMO channel
matrix HAUT (2.19) is obtained by combining the embedded patterns of
multi-antenna structure at the base station and the mobile terminal with
measured plane waves.
In [II] and [VI], arbitrary rotation effects (see Fig. 2.2(b)) is simulated at
each mobile location by rotating the radiation pattern in φ = 60◦ steps in
azimuth plane, at each elevation angle θ = 30◦ and θ = 60◦, respectively.
Then, the MIMO channel matrix is computed at each mobile terminal lo-
cation along the propagation route, that is shown in Fig. 2.3. In this the-
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sis, experimental propagation data obtained at the 2154 and 5300 MHz
frequencies are used for performance analysis and evaluation of multi-
antenna mobile terminals.
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3. Performance in presence of a user
The number of investigations on multi-element mobile terminal antenna
performance due to the presence of user’s hand have been increasing
over the past few years [8–10, 13, 17, 61, 66–74]. The user’s hand causes
impedance mismatch, change of radiation pattern and reduction in total
efﬁciency of the antenna [75–79]. This is mainly due to dielectric losses in
the user’s hand. In addition, speciﬁc hand grip has a major effect on the
antenna performance [80, 81]. Since the mobile terminal is a consumer
product, the maximum radiation exposure to the end user of the termi-
nal is limited by regulations. Therefore, the exposure is evaluated with a
standardized test plan deﬁned by CTIA1 [82].
The presence of user’s hand alters the antenna impedance depending
upon operational frequencies and wavemodes of the terminal chassis [83,
84]. At high frequencies (above 3000 MHz), the radiation from the an-
tenna itself is dominant compared to the terminal chassis resonances [26].
For this reason, antenna dimension and geometry are important in the
evaluation.
Different antenna-types from both self-resonant and non-resonant struc-
tures covering different frequencies are investigated in this thesis. There-
fore, internal state-of-the-art mobile antennas such as self-resonant pla-
nar inverted-F antennas (PIFAs), inverted-F antennas (IFAs), and non-
resonant capacitive coupling element (CCE) antennas are designed and
used in the evaluation.
Fig. 3.1 illustrates various types of hand grips used in the evaluation,
that is, one hand grip in talk or data mode [II], [III], [IV], [VI] and two
hand grips for browsing mode [II], [IV]. Five different vertical offset po-
sitions of talk-grip along terminal chassis are investigated across studied
1CTIA-The Wireless Association R© is an international non-proﬁt membership organization that has
represented the wireless communications industry since 1984.
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Figure 3.1. Hand phantom models for one hand grip in (a) talk mode, (b) data mode, and
for two hands grip in (c) browsing mode. D is the distance between palm and
the terminal chassis. Effects of different index ﬁnger positions, and palm-
terminal distances are shown next to each one hand phantom models, re-
spectively. All units are in millimeter.
multi-antenna structures, where locations are shown in Fig. 3.1(a). In this
grip, the distance between the center of the palm to the terminal chassis
is 42 mm. The effect of palm-phone distance, D deﬁned in Fig. 3.1(b) is
also investigated. In this thesis, the presence of other parts of the hu-
man body is neglected throughout the investigations because the hand is
typically very close to the antenna and therefore dominates.
This chapter discusses the performance of multi-antenna structures in
the presence of user’s hand considering the metrics deﬁned in Chapter 2.
Section 3.1 investigates the effects of user’s hand on near-ﬁeld distribu-
tions of a multi-antenna structure in mobile terminal [I]. The impact of
user’s hand on the diversity and MIMO performances are presented in
Sections 3.2 and 3.3, respectively [II], [III], [IV], [VI]. In Section 3.4, im-
pact of incorporating antennas in mobile terminal on MIMO performance
are investigated [II]. Finally, locations for antennas that tolerant to the
effect of the user’s hand is proposed in Section 3.5.
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3.1 User effect on multi-antenna characteristics and near-ﬁeld
distributions
Study on near-ﬁeld distributions of multi-element antennas in the pres-
ence of user’s hand was the main interest of the work in [I]. The PIFA is
selected to investigate multi-antenna performance at wide range of oper-
ating frequencies, that is with two-element antenna structures operating
at 900, 2000, 3500 and 5300 MHz. Location of the index ﬁnger and its
touching area on the mobile terminal were found to affect antenna per-
formance signiﬁcantly [81, 85]. Hand grip in the data mode shown in
Fig. 3.1(b) is used to model these two main hand effects.
It is found that the average reduction of total embedded efﬁciencies
(2.4) due to the user’s hand are -6.5, -2.5, -2.1 and -1.8 dB for 900, 2000,
3500 and 5300 MHz PIFA structures, respectively. The calculated EMcoup
(2.1) in the presence of user’s hand indicates the worst-case mutual cou-
pling that is reached when both antenna elements are simultaneously
conjugate-matched. The maximum difference between EMcoup in the pres-
ence and absence of user’ hand deﬁnes the maximum electromagnetic mu-
tual coupling, EMcoup,max. In [I], the difference is computed within 200
MHz bandwidth. The EMcoup,max is presented as a function of index
ﬁnger locations shown in Fig. 3.2.
In the reactive near-ﬁeld region of the two-element antenna structures
shown in Fig. 3.2, there exists low EMcoup with an average of -8 dB at
900 MHz, contrary to highEMcoup with an average of 2 dB for structures
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Figure 3.2. EMcoup,max of the two-element PIFA as a function of the index ﬁnger loca-
tions at (a) 900 MHz (S = 0.03λ), (b) 2000 MHz (S = 0.04λ), (c) 3500 MHz (S =
0.24λ) and (d) 5300 MHz (S = 0.45λ). The solid blue lines represent edges (top
view) of the two-element PIFA. ‘S’ denotes edge-to-edge separation between
the two elements. E1 and E2 denote element 1 and element 2, respectively.
See [I] for the details of the antenna dimension.
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Figure 3.3. Plane-cut of S(r), when E1 is excited and E2 is terminated with 50 ohm, in
the absence of hand at (a) 900 MHz, (b) 3500 MHz, and in the presence of
user’s hand at (c) 900 MHz and (d) 3500 MHz. The corresponding values of
mutual coupling are shown in the box [I].
above 2000 MHz. The negative EMcoup means that the mutual coupling
is decreased when hand is present. From the circuit point of view, this
indicates that the power is reﬂected from the feed port of the antennas
whereas from the electromagnetic ﬁeld point of view, it is related to power
ﬂow. The power ﬂow is deﬁned by the complex Poynting vector, S given
as [38]:
S(r) =
1
2
Re (E(r)×H∗(r)) , (3.1)
Fig. 3.3 illustrates the effects of index ﬁnger on Poynting ﬁeld distri-
bution of the dual-PIFA structures at 900 and 3500 MHz, respectively. In
Fig. 3.3(a), it is shown that at 900 MHz, there exists high mutual coupling
between the two antenna elements due to small inter-element spacing
and coupling through the terminal chassis, as expected. In Fig. 3.3(c),
larger power is absorbed by the index ﬁnger, while less power is cou-
pled to E2. At higher frequencies, the power is scattered and reﬂected
back to E2 (when E1 is excited), as shown in Figs. 3.3(b) and 3.3(d), re-
spectively. In addition, different near-ﬁeld distributions are due to the
fact that the antenna-chassis coupling behaves differently at different fre-
quencies [28,29,31,86].
It is shown that the two-element structures exhibit up to 10 dB vari-
ations in the mutual coupling, depending on the hand and index ﬁnger
locations. The Poynting vector is used for the ﬁrst time as a tool to under-
stand the behavior of the mutual coupling in the two-element structures,
in the presence of user’s hand.
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Figure 3.4. Two-element antenna conﬁgurations; (a) conﬁguration A (vertically ori-
ented), (b) conﬁguration B (diagonally oriented) and (c) conﬁguration C (adja-
cently oriented) antennas. See [III] for the details of the antenna dimension.
3.2 User effect on envelope correlation, power imbalance and
diversity performances
In [III], two-element antenna conﬁgurations are designed at 2000 MHz
with similar CCE elements but placed at different chassis corners. The
corners are selected because they are an optimal location to couple with
the dominating characteristic wavemodes of the terminal chassis [25,87].
The conﬁgurations are illustrated in Fig. 3.4. The impact of the hand on
envelope correlation, power imbalance and diversity performance of these
conﬁgurations are investigated.
As described in Section 2.2.1, the power imbalance by means of differ-
ence between MEGs of the two branches is investigated. For simplicity,
the propagation environment is modelled as isotropic uniform one. In the
presence of user’s hand, the imbalance between the two branches can oc-
cur when one of antenna elements is obstructed and covered by some parts
of the user’s hand. The degree of MEG imbalance, Pimb can be expressed
by [III]:
Pimb [dB] = MEGWithHand,i [dBi]−MEGWithHand,j [dBi] , (3.2)
where MEGWithHand,i corresponds to the best branch power of the two-
element antenna structure, and MEGWithHand,j is the power of the other
branch, when both antenna elements are in the presence of user’s hand.
Fig. 3.5(a) shows that the envelope correlations are very small for all
tested hand phantom positions, and meet the criterion of ρe < 0.5 [4, 88].
Due to a fairly large separation between the two elements in conﬁgura-
tion A and B, a very low envelope correlation is achieved. Meanwhile,
conﬁguration C has higher average of envelope correlation compared to
others, but still ρe is below 0.5. This is due to close separation between
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Figure 3.5. Effects of hand on dependency between (a) envelope correlation and mutual
coupling, (b) power imbalance and apparent diversity gain (at 1% CDF level
using the MRC technique) [III].
the elements.
A relative ranking from the best to worst based on the average of mutual
coupling of studied antenna conﬁgurations can be obtained: 1, conﬁgura-
tion A; 2, conﬁguration B and 3, conﬁguration C. The results show that no
signiﬁcant changes in the ranking is observed, when the mutual coupling
is compared in the presence and absence of user’s hand.
In general, envelope correlations are fairly close to each other and rea-
sonably small. No relation is found between the envelope correlation and
mutual coupling. However, it is of fundamental importance to obtain low
mutual coupling in the absence of hand, since it typically indicates low
mutual coupling also in the presence of user’s hand.
Fig. 3.5(b) shows that there exist power imbalances across most of the
tested hand positions, except for location P, Q and R of conﬁguration C,
and location Y of conﬁguration A, where both elements are positioned
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away from the index ﬁnger. The most signiﬁcant imbalance is obtained
at location P for conﬁguration B, where the imbalance is 3.7 dB. This is
because only B2 is in the close proximity of the palm, while B1 is farther
away from the hand. It can be observed that a signiﬁcant power imbal-
ance and thus the ADG degradation occurs when the user’s hand is much
closer to one element than the other.
For diversity performance evaluation in a non-uniform propagation en-
vironment, a multi-antenna structure operating at 3500 MHz in the pres-
ence of one and two hands is investigated [IV]. The number of antenna
elements is increased from two presented in [I] and [III], to four anten-
nas. The angular power spectrum (APS) using Gaussian distribution for
the elevation angle under various incident APS parameters and XPRs is
used. The Gaussian distribution is expressed by [18]:
Pθ,φ (θ) ∝ exp
[
−(θ − θ0)
2
2σ2
]
, (3.3)
where θ0 is the peak elevation angular power spectrum (APS) at the mo-
bile terminal for θ- polarized component, and σ controls the spread of the
distribution. The APS in the φ- polarized component is uniformly dis-
tributed.
The multiple antenna selection scheme [89] is utilized in [IV]. Diversity
antenna selection with use of only the best two out of four antenna ele-
ments using maximum ratio combining (MRC) technique is utilized. The
technique is called generalized selection combining (GSC) [90]. For com-
parison, the conventional selection combining (SC) and MRC techniques
using all four antennas are investigated and compared.
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Figure 3.6. (a) Data and browsing modes with coordinates system used, (b) normalized
azimuth partial gains when element 1 is excited, and (c) EDG versus XPRs,
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Fig. 3.6 shows that at 1% cumulative distribution function (CDF) level,
the GSC (best two antennas) achieves 2 dB higher EDG than the SC (all
four antennas), and only 1 dB less than the MRC (all four antennas) tech-
nique. It is found that the XPR value has important inﬂuence on EDGs
due to the power imbalance between the partial power gain patterns (2.5).
On the other hand, the effect of the incident wave parameters of the prop-
agation environment on the EDG performance is almost negligible.
3.3 User effect on MIMO channel capacity
In [VI], MIMO channel capacity is evaluated using the same set of multi-
antenna structures and hand grips as in [III]. The embedded patterns ob-
tained from simulations are combined with experimental outdoor micro-
cellular propagation data obtained at 2154 MHz (see Fig. 2.3(b) for de-
tails) by MEBAT. The resultant CDF of the instantaneous MIMO chan-
nel capacity of the studied multi-antenna conﬁgurations are shown in
Fig. 3.7.
In this study, at median CDF level, a maximum reduction of 3.6 bit/s/Hz
in MIMO channel capacity due to the user’s hand is observed. The palm
has the major impact on reducing MIMO channel capacity, wherein the
worst use position is the one with the palm closest to the multi-antenna
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Figure 3.7. Effects of hands on MIMO channel capacity (SNR = 10 dB) for (a) conﬁgura-
tion A, (b) conﬁguration B and (c) conﬁguration C [VI].
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structure. The effect of index ﬁnger position turned out to be less signif-
icant. The proximity of the index ﬁnger to only one of the two elements
results in signiﬁcant power imbalance [III]. However, the impact of in-
dex ﬁnger position is found to be insigniﬁcant, when the MIMO channel
capacity is evaluated using experimental propagation data.
It is important to note that the degradation of MIMO channel capacity
largely depends on the user’s hand grip. One of the possible solutions to
compensate the MIMO channel capacity degradation caused by the user’s
hand is to employ more antennas in the same terminal. Hence, the im-
pact of integrating antennas on MIMO channel capacity in the presence
of user’s hand is investigated.
3.4 Impact of incorporating antennas on MIMO channel capacity
The necessity of employing more antennas in mobile terminal when the
user’s hand is present was studied in [II]. Evaluation of multi-antenna
structures operating at 3500 MHz with two- and eight-element antennas
is performed. The propagation environment used in the evaluation is il-
lustrated in Fig. 2.3(a).
For each multi-antenna conﬁguration, the MIMO channel capacity (2.19)
is computed. After that, the designed and evaluated structures are ranked
according to the MIMO channel capacity2. Four different structures com-
prising of two- and eight-element antenna structures are investigated, as
shown in Fig. 3.8. For fair comparison, antenna placement for all struc-
tures are ﬁxed, and the size of the terminal chassis is kept at 100 × 40
mm2.
MIMO channel capacities for different structures and grips are shown
in Fig. 3.9. The MIMO channel capacity degradation due to the presence
of user’s hands resulted into a similar degradation for ‘2-CF’ and ‘2-PIFA’
structures, i.e., on an average, there is 53% and 80% reduction in the
presence of one and two hands, respectively. MIMO channel capacities
for ‘8-CF’ and ‘8-PIFA’ structures are also degraded similarly but with
smaller degradation percentage, that is 38% and 65% reduction for one
and two hands, respectively. On average, the MIMO channel capacity is
degraded of about 45% and 75% in the presence of one and two hands,
respectively.
The similar degradation of MIMO channel capacity suggests that when
2from the worst (most-left) to the best (most-right) multi-antenna design shown in Fig. 3.9.
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Figure 3.8. Multi-antenna under test; (a) ‘2-CF’, (b) ‘8-CF’, (c) ‘2-PIFA’ and (d) ‘8-PIFA’.
See [II] for the details of the antenna dimension.
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Route A and B represent an obstructed LOS and non LOS scenarios, respec-
tively.
several multi-antenna structures with the same amount of antennas are
compared, the one that achieved higher MIMO channel capacity in the
absence of hand seems also to achieve relatively higher MIMO channel
capacity in the presence of user’s hand. Hence, it is important to achieve
high MIMO channel capacity in the absence of hand.
In this study, it is observed that the degradation of MIMO channel ca-
pacity due to the presence of user’s hand is reduced by only about 15%,
when eight antennas is employed instead of two antennas. Increasing the
number of antennas leads to an increase in complexity of the RF circuitry.
In addition, the volume required to implement eight antennas on the ter-
minal chassis is larger. Therefore, the improvement of MIMO channel
capacity offered by incorporating more antenna elements comes at the ex-
pense of additional RF chains and volume, that are difﬁcult to implement
on the relatively small mobile terminal chassis. According to this study,
it is shown that increasing the number of antennas above two may not be
feasible taking into account the added complexity.
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Minor edges
Major
edges
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Figure 3.10. (a) Available antenna placement, and terminal chassis with user’s (b) one
hand, and (c) two hands. The blue dotted lines represent areas where an-
tenna location is less obstructed with the user’s hand [II].
3.5 Compensation of the effect of the user at an early design stage
In [II], antenna locations that are tolerant to the presence of user’s hand
are studied. It is well-known that locations near the major and minor
edges of the terminal chassis are practical for antenna elements. The
center portion is typically reserved for other components such as dis-
play, RF devices and integrated circuits, loudspeakers, camera, vibrators
and battery [19, 32]. The available area for antenna placement is shown
in Fig. 3.10(a). Based on the grips with one and two hands, the avail-
able space left for placing the antenna elements is limited as shown in
Figs. 3.10(b) and 3.10(c), respectively.
In [II], multiple antennas are proposed to be located at the top corner
and center of the terminal’s major edge. These locations are selected to
compensate the effect of the user’s hand for both hand grips simultane-
ously. The performance of two- and eight-element antenna structures at
the proposed locations is investigated in [II]. Evidently, at least one an-
tenna is unobstructed for each user’s hand grip. Regardless of mobility of
the user, the unobstructed antennas resulted signiﬁcant improvement in
the received SNR by up to 20 dB, as compared to the obstructed anten-
nas [91].
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4. Novel multi-antenna structures and
measurement techniques
As modern mobile terminals are designed to support multiple technologies
such as GSM, 3G, Bluetooth, global positioning system (GPS), wireless
local area network (WLAN), WiMAX, LTE, etc, the number of antennas
has increased drastically [22, 92]. Major challenges related to the large
number of antennas are the small volume reserved for individual antenna
and mutual coupling between antennas [22]. Therefore, an efﬁcient multi-
antenna design is indeed important.
In Section 4.1, novel multi-antenna solutions comprising of two ele-
ments operating at 900 MHz UHF in [VII], and 3500 MHz LTE and
WiMAX technology bands in [II] are proposed. Five- and eight-element
antennas operating at 3500 MHz bands are presented in [II] and [VIII],
respectively. The performance of the proposed designs are evaluated by
means of diversity and MIMO performance metrics.
Potential applications based on multi-element antennas include radio
direction ﬁnding (RDF) [22, 93]. Multi-antenna system of the RDF is de-
signed to sample an incident signal in such a way that an RDF receiver
and signal processing unit can estimate the direction of arrival (DoA) of
the signal accurately. Therefore, obtaining unambiguous DoA estimation
is desired when designing the multi-antenna structure for RDF system.
Ambiguity array function can be used to characterize ambiguity level of
the multi-antenna system in receiving signals. In Section 4.2, ambigu-
ity characterization and its relation to multi-antenna locations in mobile
terminals are studied [VIII], [IX].
Traditional measurement techniques cannot be used directly to charac-
terize antenna in multipath environment. In Section 4.3, measurement
techniques using anechoic and reverberation chambers are compared [V].
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4.1 Multi-antenna structures for diversity and MIMO applications
4.1.1 Two-element antenna structure
This section focuses on techniques to reduce mutual coupling at 900 MHz
band, and selection of suitable antenna type operating at 3500 MHz to
achieve good MIMO performance.
Mitigation of mutual coupling at 900 MHz
Decoupling multiple antennas in small mobile terminal has gained much
attention especially at the lower UHF frequencies [13, 94]. Several de-
coupling techniques based on the concept of characteristic wavemodes
[95–97] and multi-antenna excitation methods [98,99] are proposed.
The concept of balanced antenna and its feasibility for mobile termi-
nals is studied in [100–102]. One of the beneﬁts of using balanced an-
tenna is that the coupling between the antenna and the terminal chassis
is small [102]. It is useful at the lower UHF frequencies, since the radi-
ation is mainly from the mobile terminal chassis [28, 33, 103]. Therefore,
realization of a balanced antenna as one of the two radiating elements in
two-element structure is introduced in [VII].
Fig. 4.1 illustrates the proposed balanced and unbalanced (BuB) two-
element structure. The BuB comprises of a balanced antenna, i.e., elec-
trically isolated bow-tie antenna from the terminal chassis, and a CCE at
the opposite end of the terminal chassis. The reference structures with
identical antenna elements are compared to the proposed BuB structure.
Reference structure #1 (see Fig. 4.2(b)) comprises of two CCEs located at
the opposite ends of the terminal chassis. Meanwhile, reference struc-
ture #2 (see Fig. 4.2(c)) comprises of two corner-type CCEs located at the
corners of the same short edge of the terminal chassis.
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Figure 4.1. BuB two-element structure, consisting CCE and bow-tie antennas [VII]. Di-
mensions are in millimeters.
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Figure 4.2. Simulated 3D embedded element patterns of (a) the BuB structure, (b) the
reference #1 and (c) the reference #2 structures. The envelope correlation
values are the minimum of the three evaluated environments. See Figs. 2
and 3 in [VII] for details of the reference antennas.
Fig. 4.2 also shows the embedded element patterns for all studied struc-
tures. Both the balanced and unbalanced antennas have embedded ele-
ment pattern similar to that of a dipole antenna, as shown in Fig. 4.2(a).
The omni-directional embedded element patterns are aligned orthogonal
to each other, and therefore the envelope correlation is low. Identical em-
bedded element patterns in reference structure #1 exhibits high envelope
correlation, i.e., ρe > 0.4 as shown in Fig. 4.2(b)). Fig. 4.2(c) shows that the
envelope correlation of reference #2 structure is low (ρe > 0.03). The low
envelope correlation in reference #2 structure results from the exploited
angle diversity.
The mutual coupling in the proposed BuB structure is -22 dB. However,
the exhibited mutual coupling for reference #1 and #2 structures are -3.5
and -5.5 dB, respectively. It can be concluded that low envelope correlation
does not necessarily indicate low mutual coupling.
Diversity parameters of the proposed and reference structures are listed
in Table 4.1. From Table 4.1, the EDG of BuB structure is better than the
two reference structures in all evaluated environments, with the largest
difference being 6.3 dB. It is shown that the proposed BuB structure with
Table 4.1. Estimated DG Performance (at 1% CDF level) in Different Propagation Envi-
ronments at 900 MHz.
Isotropic Uniform APS1 Urban 12 Urban 23
Structure ρe MEG1 MEG2 ADG / EDG ρe MEG1 MEG2 ADG / EDG ρe MEG1 MEG2 ADG / EDG
(dB) (dB) (dB) (dB) (dB) (dB) (dB) (dB) (dB)
Ref. #1 0.406 -6.54 -6.54 10.44 / 7.12 0.787 -9.22 -5.88 6.78 / 3.46 0.817 -6.19 -4.26 7.51 / 4.19
Ref. #2 0.028 -4.70 -4.70 11.44 / 9.89 0.083 -6.41 -3.12 9.69 / 8.14 0.405 -3.88 -3.33 10.16 / 8.61
BuB 0.000 -3.13 -3.19 11.47 / 11.41 0.112 -2.83 -5.69 9.83 / 9.77 0.002 -4.32 -2.25 10.47 / 10.41
Apparent diversity gain, ADG using maximum ratio combining (MRC) technique
MEG1 refers to the bow-tie or CCE A
MEG2 refers to the CCE B
1 Isotropic uniform: XPR = 0 dB, mv = mh = 0◦, σv = σh = ∞
Scenario parameters in azimuth plane are uniform, and elevation plane are the following (Gaussian) [44]:
2 Urban 1: Tokyo, the Ningyo-cho route: XPR = 5.1 dB, mv = 19◦, σv =20◦, mh = 32◦, σh = 64◦
3 Urban 2: Tokyo, the Kabuto-cho route: XPR = 6.8 dB, mv = 20◦, σv =42◦, mh = 50◦, σh = 90◦
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low mutual coupling and good EDG performance seems to be a promising
solution for diversity applications at 900 MHz.
Utilization of antenna current localization at 3500 MHz
As frequency increases, the physical dimensions of the antennas decreases
and inter-element spacing increases. At higher frequencies, space limita-
tion is not so severe and contribution of the terminal chassis is not signif-
icant. Single and multiple antennas are designed using PIFA, monopole,
IFA and CCE in 3400-3600 MHz band [104–107]. In [II], PIFA, IFA and
CCE antennas are investigated. The current distribution on the termi-
nal chassis is investigated to incorporate two or more antennas with low
mutual coupling on the same terminal [96].
Fig. 4.3 shows normalized (maximum value equals to unity) current dis-
tributions of PIFA, IFA and CCE antennas on the terminal chassis. It is
observed that the current of the PIFA is less localized than that of the
IFA and CCE. The localized chassis current of the IFA and CCE antennas
show that the radiation depends less on the terminal chassis.
In [II], only two extreme cases of antennas with 1) localized and 2) less
localized chassis current distributions are investigated. A combination of
antennas with localized chassis current distribution is proposed by using
CCE and IFA. Identical less localized PIFAs are designed as a reference
structure. Both structures referred to as ‘2-CF’ and ‘2-PIFA’ are shown
in Figs. 3.8(a) and 3.8(c), respectively. Additionally, computational ‘2-ISO’
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Figure 4.3. Antenna geometries and corresponding normalized magnitude of current dis-
tributions for (a) PIFA, (b) CCE and (c) IFA. All dimensions are in millimeters
[II].
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Figure 4.4. Azimuthal (xy-plane) gain pattern and corresponding combined radiation
pattern for (a) ‘2-PIFA’, (b) ‘2-CF’, (c) eigenvalue distributions for 2×2 MIMO
system in Route A, and multi-antenna performance ranking at 50% probabil-
ity level for (d) TSP and (e) MIMO channel capacity (SNR = 10 dB). Details
of the measurement routes can be found in [II].
structure comprising of two isotropic antennas is designed for power nor-
malization in the evaluation of MIMO channel capacity (2.20). The loca-
tions of the ‘2-ISO’ antenna elements are the same as those of the ‘2-PIFA’
and ‘2-CF’ structures.
In the 3400-3600 MHz band, the mutual coupling of ‘2-CF’ and ‘2-PIFA’
structures are relatively small, i.e., better than -16.5 dB due to the elec-
trically large antenna separation in the structures. The impact of local-
ized current distribution on the embedded element pattern is studied.
Figs. 4.4(a) and 4.4(b) show the gain of each antenna element in the pres-
ence and absence of the second antenna element. It shows that both the
CCE and IFA in the ‘2-CF’ structure maintain their embedded element
patterns when the second antenna element is added on the same terminal
chassis. However, the embedded element pattern of the ‘2-PIFA’ structure
changes more when the second element is added. It indicates higher tol-
erance of the current localized antennas to the presence of other antennas
on the same chassis.
The normalized combined radiation pattern for the studied structures
are also shown in Figs. 4.4(a) and 4.4(b), respectively. The gains are nor-
malized to the highest gain among the antenna elements, with total input
power of 1 W distributed amongst all antennas. In the ‘2-CF’ structure,
the beam-width of the combined radiation pattern is increased and thus
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yields a more isotropic pattern than the ‘2-PIFA’ structure. When the cur-
rent is localized, it seems to be easier to exploit pattern, spatial and angle
diversities independently.
The eigenvalue distribution obtained with the studied structures is shown
in Fig. 4.4(c). It shows that the difference between the ﬁrst and second
eigenvalues for ‘2-ISO’, ‘2-PIFA’ and ‘2-CF’ are similar. This suggests that
different types of antenna with the same number of antenna elements do
not seem to affect the eigenvalue distribution of a MIMO system.
Figs. 4.4(d) and 4.4(e) show that the transferred signal power, TSP (2.21)
level of the multi-antenna system plays an essential role in achieving high
MIMO channel capacity. At 50% probability level, the ‘2-CF’ structure
achieves 17% higher MIMO channel capacity than the ‘2-PIFA’, and 35%
less than the isotropic structure. It can be concluded that the combined
radiation pattern with more omnidirectional pattern has improved the
TSP and hence improved the MIMO channel capacity.
4.1.2 Five-element antenna structure
A ﬁve-element antenna comprising of IFAs operating at 3500 MHz is pre-
sented in [VIII]. The IFAs are integrated along the edges of the upper
ground plane of a clamshell type mobile terminal. The antennas are lo-
cated on the upper ground plane to reduce the effect of the user, whose
hand is typically gripping the bottom part of the mobile terminal either in
the data or browsing mode. The location and orientation of the antennas
are selected such that the mutual coupling is low, i.e., less than -10 dB
within 3400-3600 MHz band. For simplicity, additional structures to mit-
igate mutual coupling between antenna elements is avoided, such as de-
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1
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40
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hinge
Figure 4.5. Five-element IFA array structure used in (a) simulation and (b) measure-
ment. All dimensions are in millimeter. See [VIII] for details of the antenna
dimensions.
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Table 4.2. Mutual Coupling, Envelope Correlation and Apparent Diversity Gain (at 1%
CDF level) at 3500 MHz
Ports
Sim. / Meas. Mutual
Coupling (dB)
Envelope
Correlation, ρe
SC ADG (dB)
1-2 -18.9 / -18.8 0.2 9.8
1-3 -20.4 / -19.1 0.1 10.0
1-4 -6.4 / -6.4 0.2 9.8
1-5 -9.8 / -10.3 0.2 9.8
2-3 -9.7 / -8.6 0.1 9.9
2-4 -10 / -11.6 0.2 9.8
2-5 -17.4 / -17.8 0.2 9.8
3-4 -18.3 / -18.1 0.2 9.9
3-5 -9.3 / -14.5 0.2 9.9
4-5 -20.3 / -15.6 0.2 9.8
SC ADG = Apparent diversity gain using selection combining technique
coupling network [108,109], defected ground plane [110,111] or parasitic
element [112]. Fig. 4.5 shows the proposed structure and the fabricated
prototype.
The IFAs are ﬁrst designed at their predeﬁned locations. IFA2–IFA4 and
IFA3–IFA5 conﬁgurations are oriented such that the ground pins are next
to each other. Separation between IFA1 and IFA4 is increased so that
mutual coupling between IFA1 and IFA5 is less than -10 dB. However,
high mutual coupling of -6.4 dB is exhibited for the IFA1–IFA4 pair.
Table 4.2 lists simulation and measurement results of mutual coupling
between antenna elements. The diversity parameters comprising of en-
velope correlation, ρe and apparent diversity gain, ADG under selection
combining technique are also listed. The discrepancies between simula-
tion and measurement results were mainly due to the effect of ﬁve mea-
surement cables, and the inaccuracies in the manufacturing of the proto-
type. Results show that all antenna ports exhibited a good performance
with low envelope correlation and high ADG.
4.1.3 Eight-element antenna structure
In [II], an eight-element antenna structure consisting of four CCEs at ev-
ery chassis corner, and four differently oriented IFAs around the chassis
is proposed. The structure referred to as ‘8-CF’ is designed to provide the
largest MIMO channel capacity among the studied multi-antenna struc-
tures in [II]. The size of the CCEs and the IFAs are the same as in the
‘2-CF’ proposed in Section 4.4. Eight-element PIFAs referred to as ‘8-
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Figure 4.6. The ‘8-CF’ prototype from (a) top view, with lumped components used to
match associated CCE ports and (b) rear view. See [II] for details of the
antenna dimensions.
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Figure 4.7. Combined radiation pattern for (a) ‘8-PIFA’, (b) ‘8-CF’ and multi-antenna per-
formance ranking at 50% probability level for (c) TSP, (d) MIMO channel
capacity (SNR = 10 dB). Details of the measurement routes can be found in
[II].
PIFA’ is designed as a reference structure (see Fig. 3.8(d)). The prototype
of the ‘8-CF’ structure is shown in Fig. 4.6.
In the 3400-3600 MHz band, the measured impedance matching is -8
dB with the strongest mutual coupling being -10 dB. The average mutual
coupling over all antennas in the frequency band is -19.7 and -21.1 dB for
simulated and measured results, respectively. The measured embedded
element and total embedded element efﬁciencies in the frequency band
are between -2.1 to -1.9 dB (61 - 64 %) and -2.6 dB to -2.3 dB (55 - 59 %),
respectively.
Figs. 4.7(a) and 4.7(b) show the combined radiation pattern for ‘8-PIFA’
and ‘8-CF’ structures, respectively. The combined radiation pattern of ‘8-
CF’ is more isotropic than that of the ‘8-CF’ structure. Figs. 4.7(c) and
4.7(b) show the evaluated TSPs and MIMO channel capacity for ‘8-PIFA’
and ‘8-CF’ structures, respectively. At 50% probability level, the TSPs of
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‘8-PIFA’ and ‘8-CF’ structures are positive values with difference of 1.8 dB
and 2.3 dB respectively as compared to the ‘2-ISO’ structure.
The calculatedEDG performance using maximum ratio combining (MRC)
technique at 1% CDF level (2.17) for ‘8-CF’ is 20.1 dB. The propagation en-
vironment is modelled as an isotropic uniform one. For the same number
of uncorrelated isotropic antennas, the calculated EDG is 24.6 dB. The 4.5
dB difference is due to small MEG, since envelope correlations ρe (2.11)
between elements are very small. Reduction in the MEG is largely due to
the constructive impact of the mutual couplings from all eight antennas.
The envelope correlation meets the MIMO LTE requirements for spatial
diversity, i.e., ρe ≤ 0.3 [49].
It is shown that if a multi-antenna structure is designed carefully; ﬁt-
ting a compact mobile terminal with as much as eight antennas can in-
crease the MIMO channel capacity by about 65% compared to two-element
antennas, at the expense of increased structure complexity.
4.2 Multi-antenna structures for radio direction ﬁnding
Radio direction ﬁnding (RDF) has been introduced as one possible fea-
ture in mobile terminals [22, 93]. In direction-of-arrival (DoA) estima-
tion, mutual coupling between the antenna elements is often considered
as an undesired effect, which contributes to a signiﬁcant degradation of
the estimation accuracy if not fully taken into account by the estimation
algorithm [113–116].
In an RDF system, DoA estimation algorithm should be able to dis-
criminate DoAs ambiguously. This ability can be determined by simply
scanning through all DoAs of interest, and is computed using the expres-
sion [117], [VIII], [IX]:
|χij (φi, φj)| =
∣∣∣∣∣ Eφ,θ (π/2, φi)
HEφ,θ (π/2, φj)
‖Eφ,θ (π/2, φi) ·Eφ,θ (π/2, φj)‖
∣∣∣∣∣ , (4.1)
where Eφ,θ (π/2, φ) is an electric ﬁeld vector in the azimuth plane, i.e., θ =
π/2. (·)H denotes as complex transpose and ‖·‖ represents the Euclidean
norm of the vector. The array ambiguity function (4.1) ranges between 0
and 1, which correspond to very good orthogonality and collinearity, re-
spectively. Fig. 4.8(a) shows perfect orthogonality of the multi-antenna
response to different angles. It is characterized from an inﬁnitely large
multi-antenna aperture. Fig. 4.8(b) represent the corresponding ambigu-
ity array function of a ﬁnite multi-antenna aperture. Typically, such a
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Figure 4.8. Array ambiguity functions of a uniform circular array composed of (a) 16
Hertzian dipoles within a diameter of 200 mm and (b) 4 Hertzian dipoles
within a diameter of 30 mm. The operating frequency is assumed to be 3500
MHz [IX].
diagonal region is inversely proportional to the aperture size of the multi-
antenna system. In addition, the array ambiguity function may be com-
posed of out-of-diagonal-region peaks. These are commonly due to the
conﬁguration of the antennas, radiation pattern of the antenna elements,
mutual coupling, terminal chassis reﬂections, etc [IX]. When designing a
multi-antenna system, one is typically interested in the array ambiguity
function shown in Fig. 4.8(a).
Ambiguity peaks indicate that two (or more) possible DoAs cannot be
separated. The array ambiguity measures the correlation of the steering
electric ﬁeld vectors which should be as small as possible, meeting the
criterion of |χij (φi, φj)| ≤ 0.7. The condition is similar to the requirement
for low envelope correlation in diversity and MIMO applications [4,18].
In [VIII], a feasibility study for RDF application using a ﬁve-element
IFA on a clamshell-type terminal chassis (see Section 4.1.2) is presented.
In [IX], ambiguities of four-element antennas at different locations ex-
hibiting different mutual couplings are investigated. In this [VIII] and
[IX], the ambiguities are evaluated in the case of receiving a φ-polarized
incident signal in the azimuth (x-y plane) with the DoA spanning 360◦.
Fig. 4.9(a) represents the coordinate system used for the incident signal.
Fig. 4.9(b) to 4.9(f) show the array ambiguity functions for all the stud-
ied structures. The corresponding combined electric ﬁeld pattern for the
studied structures are also shown. The combined electric ﬁeld pattern is
normalized to the highest electric ﬁeld among the antenna elements.
Fig. 4.9(b) shows antenna elements that are located at the edges of the
chassis, wherein the combined electric ﬁeld pattern is more directive due
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Figure 4.9. (a) Spherical coordinate used in description of incident wave, and the ar-
ray ambiguity functions in φ-polarization with corresponding combined elec-
tric ﬁeld pattern (V/m) for four-element antenna structure of (b) model A, (c)
model B, (d) and model C [IX], (d) ﬁve-element antenna structure [VIII] and
(e) eight-element antenna structure [IX]. See [VIII] and [IX] for details of
the antennas.
to large antenna separation along the major chassis edges. The aver-
age mutual coupling is -18 dB, with maximum antenna spacing of 0.97λ.
Figs. 4.9(c) and 4.9(d) show the ambiguity array functions when the ele-
ments are placed closer to the center of the terminal chassis. The aver-
age mutual coupling in model B and C increases from -32 to -8 dB, when
the maximum spacing between elements in model B and C are 0.75λ and
0.40λ, respectively. The beam-width of the combined electric ﬁeld pat-
terns (see Figs. 4.9(c) and 4.9(d)) increases resulting in more an omnidi-
rectional pattern in the azimuth plane, as compared to the combined elec-
tric ﬁeld pattern of model A shown in Fig. 4.9(b). The combined electric
ﬁeld pattern and associated ambiguity array function for larger number
of incorporated antenna elements, that is with ﬁve-element [VIII] and
eight-element antenna array [IX] are also shown in Figs. 4.9(e) and 4.9(f),
respectively.
In the studied structures, the multi-antenna structure patterns are less
ambiguous (peaks of ambiguity array are less than 0.7) when the inter-
element spacing between antennas decreases. The more isotropic pattern
seems to reduce ambiguity of the multi-antenna structure. Non-uniform
spacing between the antenna elements has improved the reduction of am-
55
Novel multi-antenna structures and measurement techniques
biguity [118], and it is proven to be feasible for mobile terminals [VIII].
The combined electric ﬁeld pattern is used for the ﬁrst time as a tool
to provide insights on the ambiguity array function of a multi-antenna
system. It is important to characterize the ambiguity of multi-antenna
structures in mobile terminals at the early design stages. This provide
a motivation for DoA estimation algorithms when the design of multi-
antenna structure is characterized to be unambiguous.
4.3 Comparison of anechoic and reverberation chamber
measurement techniques
Antenna performance in a line-of-sight (LOS) environment can be char-
acterized with traditional methods, such as spherical near-ﬁeld measure-
ment technique in an anechoic chamber. However, traditional methods
cannot be used to characterize antenna in multipath environment. Hence,
measurement techniques for small antennas in multipath environment
are needed. A reverberation chamber emulating multipath environment
can be used to measure the efﬁciency, diversity and MIMO parameters
[36]. Measurement campaigns at Technical University of Denmark and
Chalmers University of Technology are performed to compare two mea-
surement techniques for over-the-air (OTA) diversity and MIMO terminal
(c) (d)
Element 1
Element 2
100 mm
40 mm
(b)(a)
Figure 4.10. (a) Simulation model, (b) fabricated prototype, and measurements per-
formed in (c) anechoic chamber by spherical near-ﬁeld technique at Tech-
nical University of Denmark, and (d) reverberation chamber at Chalmers
University of Technology. See [V] for details of the antenna dimension.
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Figure 4.11. Embedded element patterns for associated antenna element in (a) azimuth,
(b) elevation angle, (c) measured CDF in reverberation chamber, and mea-
surement setups in (d) reverberation and (e) anechoic chambers [V].
testing.
In [V], diversity performance of a two-element mobile terminal struc-
ture presented in [III] is analyzed in terms of envelope correlation, appar-
ent and effective diversity gain. Fig. 4.10 shows different measurement
techniques at anechoic and reverberation chambers. The antenna struc-
ture is simulated using a ﬁnite-difference time-domain (FDTD) -based
commercial electromagnetic simulator to compare with the measurement
results. A reverberation chamber can measure diversity parameters di-
rectly whereas in the anechoic chamber, the embedded element patterns
are measured ﬁrst and then the envelope correlation (2.11) with the APS
of isotropic uniform environment is calculated. Finally, the ADG at 1%
CDF level can be approximated by [119]:
ADG = 10.48
√
1− ρe. (4.2)
Figs. 4.11(a) and 4.11(b) show the directivity of the embedded element
patterns in azimuth and elevation planes, respectively. It indicates that
embedded element patterns for associated antenna elements are in a good
agreement with the FDTD simulation. The measured CDF in the rever-
beration chamber is shown in Fig. 4.11(c).
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Table 4.3. Diversity Gains by Different Methods
Performance Metrics FDTD1 SNF2 RC3
Envelope Correlation 0.0034 0.0017 0.0299
SC ADG4 10.2 from ρe 10.2 from ρe 10.1/9.4 from ρe / CDF
SC EDG5 9.7 7.8 8.0/7.3 from ρe / CDF
1 FDTD = Simulation using FDTD.
2 SNF = Measurement using spherical near-ﬁeld method.
3 RC = Measurement in reverberation chamber.
4 SC ADG = Apparent diversity gain using selection combining.
5 SC EDG = Effective diversity gain using selection combining.
Table 4.3 lists diversity parameters using different measurement tech-
niques. Results of the simulated and measured envelope correlations from
both techniques agree well with each other. The ADGs (4.2) are almost
identical for the three cases, i.e., FDTD simulation, anechoic chamber
and reverberation chamber, when they are estimated from the envelope
correlation (2.11). There is a discrepancy of 0.8 dB between the measured
results in the anechoic and reverberation chambers, when the ADG is es-
timated from the 1% level of the measured CDF curves. This error can be
attributed to an uncertainty of the measured CDF at low levels.
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5. Summary of the publications
[I] Inﬂuence of the user’s hand on mutual coupling of dual-antenna
structures on mobile terminal
The inﬂuence of some speciﬁc user’s hand grips on the mutual coupling of
two-element mobile antennas operating at 900, 2000, 3500 and 5300 MHz
are investigated. Depending on the hand and index ﬁnger locations, up
to 10 dB variations in mutual coupling are observed. The Poynting vector
distribution provides insight on the behaviour of the mutual coupling in
two-element structures with the presence of user’s hand.
[II] Design and measurement -based evaluation of multi-antenna
mobile terminals for LTE 3500 MHz band
Two- and eight-element antennas operating at 3500 MHz are designed.
An isotropic radiation pattern that can receive incoming signals from ar-
bitrary directions can be obtained by combining the radiation patterns
from multiple antennas with localized chassis current distribution. The
designs are shown to achieve higher MIMO channel capacity than mul-
tiple antennas with less localized current distribution. The results show
that antenna type, geometry, current distribution on the terminal chassis
and radiation pattern of individual antenna element must be jointly con-
sidered in order to optimize the performance of a multi-antenna structure
for mobile terminal. In this paper, it is observed that the degradation of
MIMO channel capacity due to the presence of user’s hand is reduced by
only about 15%, when eight antennas is employed instead of two anten-
nas.
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[III] Coupling element –based dual-antenna structures with hand
effects
Performance of coupling element -based dual-antenna structures in the
presence of hand is presented. Two types of signiﬁcant hand effects; ver-
tical position of hand along terminal chassis, and distance between palm
and terminal chassis are varied. The results show that in isotropic uni-
form environment, the impact of power imbalance on diversity gain is
high when index ﬁnger is much closer to one antenna element than the
other.
[IV] Multi-antenna mobile terminal diversity performance in
proximity to human hands under different propagation environment
conditions
Multiple antenna selection is utilized to improve the diversity perfor-
mance of four-element antennas in the presence of user’s hand. The struc-
ture operating at 3500 MHz is investigated in a non-uniform environ-
ment. From available four antenna elements, it is found that by using
two antennas with maximum ratio combining (MRC) technique, the effec-
tive diversity gain, EDG is only 1 dB less than that obtained using MRC
with four antennas. The results show that the cross polarization ratio of
the propagation environment has important inﬂuence on EDGs due to im-
balance between the gain patterns. In the studied cases, the effect of the
incident wave parameters of the propagation environment on the EDG
performance is almost negligible.
[V] On diversity performance of two-element coupling element
based antenna structure for mobile terminal
Diversity performance of a two-element coupling element -based antenna
structure presented in [III] is measured. Performance metrics such as
envelope correlation, apparent and effective diversity gains are evalu-
ated using two measurement techniques. The measurement techniques
emulate different propagation environments, 1) ideal line-of-sight envi-
ronment using spherical near-ﬁeld technique in anechoic chamber and
2) isotropic, i.e., statistically uniform environment inside reverberation
chamber. The values of envelope correlation agree well with each other,
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and the results of diversity gains are consistent when they are estimated
from the envelope correlation. Discrepancy of 0.8 dB is obtained when the
diversity gain is estimated from the 1% level of the measured CDF curves.
[VI] Site-speciﬁc evaluation of a MIMO channel capacity for
multi-antenna mobile terminals in proximity to a human hand
The studied multi-antenna mobile terminal presented in [III] are evalu-
ated with a measured propagation data, speciﬁcally in an outdoor micro-
cellular environment. The hand grip is varied in terms of vertical position
of hand along terminal chassis, and distance between palm and terminal
chassis. The results show that at the median MIMO channel capacity, a
maximum reduction of 3.6 bit/s/Hz is observed when the palm is in close
proximity to the multi-antenna mobile terminal, compared to that of in
free space. The MIMO channel capacity reductions are signiﬁcant when
all multi-antenna elements are in close proximity to the palm, compared
to when only index ﬁnger is in proximity to one of the elements.
[VII] Isolation improvement method for mobile terminal antennas at
lower UHF band
A novel method to improve the isolation between two antenna elements at
the 900 MHz UHF band is presented. The two-element antenna structure
comprises of balanced antenna, that is electrically isolated from the mo-
bile terminal chassis, and a capacitive coupling element (CCE) antenna.
The mutual coupling of the proposed structure is -22 dB. The structure
is shown to provide very small envelope correlation and good diversity
performance when evaluated in both uniform and non-uniform environ-
ments.
[VIII] Five-element inverted-F antenna array for MIMO
communications and radio direction ﬁnding on mobile terminal
A ﬁve-element IFA array structure operating at 3500 MHz is proposed for
both MIMO and radio direction ﬁnding (RDF) applications. The antenna
array is tuned to have acceptable mutual coupling between antennas. The
structure is shown to exhibit envelope correlation and ambiguity lower
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than 0.7. A prototype is fabricated and good agreement between numeri-
cal simulation and experimental results is observed.
[IX] Ambiguity analysis of isolation-based multi-antenna structures
on mobile terminal
Ambiguities for different isolation-based multi-antenna conﬁgurations are
studied. The study is conducted by taking into account the effects of an-
tenna isolation, mutual coupling between terminal chassis and antenna
element, and mutual coupling among antenna elements. The results show
that on the same size of the terminal chassis, a non-ambiguous multi-
antenna structure can be exploited by locating antennas close to each
other.
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6. Conclusions
This thesis contributes to the advancement in design of efﬁcient multi-
antenna systems in compact mobile terminals. Different multi-antenna
structures are studied, covering a wide range of frequency bands and loca-
tions on the terminal chassis. The effect of the user’s hand with different
grips is also studied. In diversity and MIMO performance evaluation, the
studied antennas are arbitrarily oriented to mimic realistic usage scenar-
ios.
The performance of a mobile terminal with multi-antenna structures
depends on the propagation environment in which it operates [II], [III],
[VI]. A uniform environment is often assumed in performance evaluation,
but measured propagation data offers more reliable basis for the evalua-
tion. In the uniform environment, antenna orientation does not matter.
In author’s opinion, an antenna should be evaluated both in uniform and
non-uniform environments for accurate performance prediction.
The effects of user’s hand on MIMO channel capacity was studied in
two cases [II]. In one case, the mobile terminal was incorporated with
two antennas, and in the other case eight antennas were used. It was
found that the degradation of MIMO channel capacity due to the pres-
ence of user’s hand is slightly reduced, when eight antennas is employed
instead of two antennas. Drawbacks are increased complexity in switch-
ing and combining circuitries, and increased total volume of the anten-
nas. Multiple antenna selection is one of possible solutions to reduce the
complexity of the structure [IV], [15]. In general, efﬁcient antenna solu-
tions that perform well in the presence and absence of user’s hand are
always desired. In author’s opinion, optimization and realization of an-
tenna decoupling techniques should be done when the terminal is in the
presence of user’s hand. Formerly, the optimization of antenna decoupling
technique in mobile terminals is often performed without the presence of
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user [11,46,88,97,110,111,120,121].
Localization using radio direction ﬁnding (RDF) is a possible future ap-
plication in mobile terminals. The feasibility study on RDF in a mobile
terminal is reported in [VIII] and [IX]. It was shown that by select-
ing suitable locations of the antenna elements, a multi-antenna struc-
ture with reduced ambiguity can be obtained. Non-ambiguous antenna
structures facilitate the estimation of direction of arrival for RDF appli-
cations. In general, traditional performance metrics used for communica-
tion systems is also applicable to multiple antennas for RDF applications
[VIII]. Therefore, multiple antennas for diversity, MIMO and RDF ap-
plications face the same challenges. Antennas need to be small, provide
good impedance matching, low mutual coupling and envelope correlation
between antennas, high radiation efﬁciency and be tolerant to the user.
The usage of multi-antenna structures in compact mobile terminals en-
ables many interesting research topics in the future. Adaptability of the
antennas to propagation environment is one example of such a research
topic. For instance, a reconﬁgurable antenna can adapt its radiation prop-
erties and impedance according to the propagation environment and user
interaction. Another research area could be the usage of meta-material
based multi-antenna systems. Meta-material can provide small antenna
size, high isolation and improved MIMO performance [122]. Apart from
the mentioned topics, future work should also consider the availability
and current trends of advanced signal processing and circuit design tech-
niques. Thus, many interesting challenges are waiting to be addressed in
the near future.
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